Membrane Distillation (MD) requires a highly porous hydrophobic membrane with low surface energy. In this paper we compare the direct contact membrane distillation (DCMD) performances of four different types of in-house fabricated hollow fiber membranes and two different commercially available hollow fiber membranes. Hollow fiber membranes are fabricated using wet-jet phase inversion technique and the polymeric matrices used for the fabrication are poly vinylidine fluoride (PVDF) and poly vinyl chloride (PVC). Commercial hollow fiber membrane materials are made of poly tetra fluoro ethylene (PTFE) and poly propylene (PP). PVDF hollow fibers showed a superior performance among all the hollow fibers tested in the DCMD process and gave a water vapor flux of 31 kg.m -2 hr -1 at a feed and coolant inlet temperatures of 80 °C and 20 °C, respectively. Under the same conditions the water vapor flux observed for PP, PTFE and PVC hollow fiber membranes are 13, 11 and 6 kg.m -2 hr -1 , respectively, with 99.99% salt rejection observed for all membranes used.
Introduction
Membrane Distillation (MD) is a membrane based thermal desalination process and considered as an attractive alternative technology for the fresh water reclamation either in desalination or wastewater treatment applications [1, 2] . MD has the advantages of both conventional thermal desalination processes such as multi stage flash (MSF) and membrane based desalination technology such as reverse osmosis (RO). Conventional desalination technologies are energy intensive due to the use of high temperature, high pressure, expensive materials, large foot print and they are less environmentally friendly too. The MD process is attractive because it can utilize industrial low grade waste heat or renewable energy (e.g. solar, geothermal), less expensive membrane and module materials, less prone to fouling and scaling due to the high inertness of the membrane materials and lower operating pressures (ambient pressure), it offers high quality water production and all together MD is a low-cost desalination process and more environmentally friendly [3, 4] .
The conventional MD configurations comprise direct contact membrane distillation (DCMD), air gap membrane distillation (AGMD), vacuum membrane distillation (VMD) and sweeping gas membrane distillation (SGMD) [5] . Permeate gap or liquid gap membrane distillation (PGMD/LGMD) [6] and material gap membrane distillation (MGMD) [7] are recently reported MD configurations. In all configurations hot feed solution is in direct contact with the membrane surface. In VMD and SGMD the condensation takes place outside the membrane module, whereas in all other configurations the water vapor from the feed solution pass through the membrane pores and condenses at the other side of the membrane inside the membrane module.
Partial vapor pressure difference triggered by the temperature difference at the two sides of the membrane is the driving force in MD process and it allows only water papers to pass through the membrane pores and rejects all other salts and non-volatile compounds. Thus the MD process offers theoretically 100% salt rejection. High hydrophobicity, high porosity, minimum (optimum) thickness and high liquid entry pressure are the important requirements of a membrane to be successfully used for MD process [8] [9] [10] [11] [12] . Conventional membrane materials used for MD process are poly ethylene (PE), poly propylene (PP), poly vinylidine fluoride (PVDF) and poly tetra fluoro ethylene (PTFE). Some researchers have reported the modification of these materials to improve the MD performance [13] [14] [15] [16] [17] [18] . Theoretical modeling, simulation and economic evaluation of the MD process have been also studied extensively to see whether the MD is economically viable or not [19] [20] [21] [22] [23] . Other studies have reported the synthesis and fabrication of fluorinated poly azole hollow fiber and nanofibers membranes for Seawater Membrane Distillation (SWMD) [24, 25] . Polymeric flat sheet MD membranes are fabricated using phase inversion, stretching and electrospinning techniques whereas hollow fiber membranes are fabricated using temperature induced phase separation (TIPS) and non-solvent induced phase separation (NIPS) techniques. Usually TIPS is employed for the materials that are not possible to form solutions at room temperature. In this paper different hollow fiber membranes (PVDF and PVC) are fabricated using NIPS technique and their DCMD performance was compared with that of commercially available PTFE and PP hydrophobic hollow fiber membranes. Results are also compared to the previously reported poly azole hollow fiber membranes.
Experimental
PVC (molecular weight = 250,000) and N-methyl pyrrolidone (NMP) were provided by Sigma Aldrich and PVDF is supplied by Arkema (Kynar HSV 900), PTFE and PP hollow fibers are supplied by different manufacturers and directly used for SWMD process without any modification. A hollow fiber machine (Samwon Engineering Co., Ltd., Korea) is employed for the fabrication of hollow fiber membranes. Figure 1 shows the hollow fiber machine and the schematic diagram of the hollow fiber fabrication. 12 % (w/w) solution of PVDF HSV 900 and 15 % (w/w) solution of PVC were prepared in NMP at 70 °C. The polymeric solutions were degassed and fed into the annulus of the spinneret using a gear pump, whereas the tap water (bore fluid) was fed into the inner tube of the spinneret using a peristaltic pump. Phase separation of the dope solution starts from the outlet of the spinneret and fibers from the spinneret were allowed to pass through the spinneret bath, coagulant bath and take-up-wheel bath, as shown in the schematic presented in Figure 1 . The distance between the spinneret and the spinneret bath was fixed at 5 cm. The residual solvent from the raw fibers were removed by immersing them in a water bath for 3-5 days and freeze dried before characterization and MD process testing. Hollow fiber fabrication parameters are presented in Table 1 . Membrane specimens were gold sputter coated using EMITECH K575 sputter coater and they were observed under field effect scanning electron microscope (FESEM Quanta 200 FEG Ltd). Hollow fiber membranes were glued together and inserted into the locally fabricated membrane modules and subjected to the DCMD process. Figure 2 shows the schematic representation of bench scale setup of the DCMD process. Feed solution (Red Sea water) was passed through the shell side of the membrane whereas the coolant (tap water) was passed through the lumen side of the membrane in a counter current direction. Temperatures at the coolant and feed sides were controlled using an electric chiller and an electric heater, respectively. During the MD process water vapor from the feed side pass through the membrane pores and condenses at the other side of the membrane along with the coolant. Water flux was calculated by recording the weight of permeate collected over time for a particular membrane area used for the MD process. Conductivity of the product permeate was measured using a conductivity meter (Oakton Eutech Instruments USA). Cross sections show that the PVDF hollow fiber membrane is highly porous than all other membranes whereas the inner and outer surfaces of the membrane show that the PP membrane is highly porous than all other membranes. Surface porosity along with bulk porosity is very important in the MD process for the enhanced water vapor transport. Wall thickness of the PTFE membrane is about 500 µm whereas the thicknesses of all other membranes are calculated to be in the range of 200-250 µm. Increase in the thickness results in increased mass and heat transfer resistances and decrease in the water production. Outer surface of PTFE membrane reveals crack type morphology whereas that of PVC membrane reveals a dense surface. membranes under similar operating conditions. PP hollow fiber membrane surface is highly porous but from the cross section image, the bulk porosity might be very less and leads to the increased mass transfer resistance and reduced flux during the DCMD process. SEM images also
show that the PTFE hollow fiber membrane is not only less porous but also thicker among the other membranes used in this study. Heat and mass transfer resistance will be very high in such conditions and lead to low flux. studies [26, 27] , water vapor pressure at low temperatures is significantly lower than that at higher temperatures resulting in lower water flux at constant feed solution temperature. For PVDF hollow fiber membranes water flux observed at a feed/coolant temperature of 60/20 °C was 11 kg m -2 h -1 . When the coolant temperature is decreased from 20 to 10 °C, the water flux was found to be increased by 4% only. While for the same hollow fiber membranes when the feed solution temperature is increased from 60 to 70 °C, the water flux was increased by 78 %. In the present study PVDF hollow fiber membranes showed superior performance to the other membranes, however high performance membranes are yet to be developed for better water recovery enabling to supply high quality water at low cost. It was reported in our previous work that the locally synthesized and fabricated poly azole hollow fiber membranes gave water vapor fluxes of 35 and41 kg m -2 h -1 under similar operating conditions [25] . Hollow fiber membranes are advantageous over flat sheet membranes in terms of self-support and packing density. Along with these merits, high flux membranes are yet to be engineered in terms of large scale production and long term performance with low fouling and scaling index.
Conclusions
PVDF, PP, PTFE and PVC hollow fiber membranes are fabricated and their SWMD performances using DCMD configuration have been evaluated. PVDF hollow fiber membrane showed the highest water vapor flux of 31 kg m -2 h -1 whereas the second highest flux observed with PP hollow fiber membrane is 13 kg m -2 h -1 . Rate of change of water vapor flux by varying ΔT at the coolant side is negligible when compared to the similar change of ΔT at feed solution temperatures. Better membranes are yet to be engineered and developed for better water recovery enable to supply high quality water at low cost.
